Abstract In bullfrogs with glottis occluded and lungs artificially ventilated, the buccal cavity contractors (BCconts) were found to contract isometrically, meaning that peak buccal pressure (OBP) well represents the total inspiratory nerve activities (TIAs) of BCconts. Unilateral sectioning of the trigeminal (V), hypoglossal, facial, or vagal nerve reduced the magnitude of OBP by 43.3, 28.8, 10.9, or 4.3 %, respectively. The integrated peak V activity (I-ENGv) showed a linear relationship to OBP (r=0.944) in the glottis occluded frog, but a curvilinear relationship to peak buccal pressure (peak BP) in the spontaneously breathing frog during inflation period. The latter relationship was better fitted by a hyperbolic equation (r=0.943) than by a linear equation (r=0.927) (p<0.001).
The ventilatory pattern of the frog consists of both pulmonary and buccal cycles. These respiratory movements are achieved by the bucco-pharyngeal musculatures consisting of the buccal cavity contractors (BCconts) and buccal cavity dilator (BCdil) (OKA, 1957) . During inspiration of the pulmonary cycle, nostrils are closed while the glottis is kept open from the period of the preceding phase (lung expiration) (DE JoNGH and GANS,1969) , so that a single compartment, i.e. lungs-trachea-buccal cavity is formed. All the BCconts synchronously discharge and contract to reduce the volume of the buccal cavity, to elevate buccal pressure, and to pump the buccal air into the lung (DE JoNGH and GAMS, 1969; WEST and Joiu s, 1975) . Whether any of these electro-mechanical events can be taken to represent the total inspiratory activities (TIAs) of the nerves innervating the BCconts has yet to be studied. The BCconts are innervated by the trigeminal (V), facial (VII), glossopharyngeal (IX), vagal (X), and hypoglossal (XII) nerves, all of which have their biggest burst activity in the inspiration phase (SAKAKIBARA, 1984) . Therefore the first aim in the present study was to reveal if one of these nerves can represent TIAs, just as the phrenic nerve discharges often used in the mammalian species.
The most reliable index of the TIAs must be the force during isometric contraction, as was discussed by BASMAIIAN (1974) . To obtain the isometric force of inspiration activities, I occluded the glottis while keeping the nostrils intact and ventilating artificially.
The peak buccal pressure (peak BP) in the frog without the glottis-occluded can also be appreciated as a useful index of TIAs, because it is easily obtainable and changed extensively by the respiratory drives (WEST and JONES, 1975; MACINTYRE and TOEWS, 1976; BOUTILIER and TOEWS, 1977) . However, its magnitude also seems to be influenced by some mechanical properties of the lungs and airways, such as respiratory compliance and resistance. Therefore, the second aim was to examine if this peak BP in spontaneous breathing frog can be used as an index of the TIAs.
MATERIALS AND METHODS
Forty-three bullfrogs (liana catesbiana) weighing 355±89 g (mean±S.D.) were used. They were supplied commercially and kept in a water tank which consisted of a dry floor as well as a water bath. Its water temperature was roughly controlled at 20°C by mannually regulating the flow rate of city tap water. They were fed fresh chicken liver twice a week, and their body weight remained approximately constant. Bilateral dissection of the sciatic nerve to prevent body movement, and all other surgical operations were performed under ether anaesthesia with topical application of xylocaine.
All the experiments were performed either while under ether or after it had sufficiently worn off. Mean rectal temperature was regulated at 21.8±1.2 (S.D.)°C during experiments.
The R. submandibularis (V), XII trunk, R. pharyngeus posterior superior (X), R. laryngeus longus including R, pharyngeus post. III(X), and R. hyomandibularis (VII) were exposed from the dorsal side as described in the previous report (SAKAKIBARA, 1984) . When the submandibular nerve branch was cut to record the motor nerve activity, a broken space between the upper and lower jaw was often unavoidably produced after several minutes. The suturing or adhesion with a-cyano acrylate monomer (Aron Alpha) was done to prevent the leak. When recording the nerve activity, in some cases an electrode holder together with a bipolar silver electrode was fixed with Aron Alpha on the skin surface over the skull close to the recorded site; in other cases, another type of smaller holder was placed just under the nerves being explored. The electrode was connected to a preamplifier via very fine and flexible copper wires, allowing successful discharge recording despite mechanical disturbance due to head movement. The electrical signals were passed through a band pass filter (100-2,000 Hz), rectified, and integrated by a leaky integrator having a time constant of 0.1 or 0.07 sec. Thus integrated electroneurogram (I-ENG) was used as a quantitative measure of the nerve activity.
To measure buccal pressure, buccal cannulae were inserted through the ear membrane and connected to an air-filled pressure gage (DLPU 0.05, Nihon Kohden).
Integrated nerve activities and respiratory pressure changes were obtained from the animal artificially ventilated or breathing spontaneously and were registered on a pen recorder (Sanei Instrument, 8S12-1-1111). Statistical difference between mean values was evaluated by paired t test, if not stated otherwise. For the comparison of correlation coefficient, r value was first z-transformed. Differences were considered to be significant when p<0.05.
Artificial ventilation. The glottis was completely closed by suturing its mucoidal surface at three points. The lungs were bilaterally cannulated. From one cannula, humidified gas mixture was continuously supplied at a flow rate of about 100-200 ml/min. Another lung cannula was intermittently closed at a rate of 18 times per min. Thus, the lungs were inflated about 2 sec by closing this cannula, then passively deflated during its opening. The pulmonary pressure, recorded by a pressure gauge (LPU 0.1-350-0-II, Nihon Kohden) connected with the outlet cannula, varied from zero to two-four cmH2O in each ventilation cycle. Because the lungs were artificially ventilated, spontaneous respiratory movement of the buccal cavity could independently be obtained in this preparation. The nostrils were kept intact.
Denervation of V, VII, X, or XII. Respiration was enhanced by hypercapnic gas mixture (5.1 % CO2 in 02) and maintained in steady state. The pressure of occluded buccal pressure (OBP) and I-ENGv (I-ENG of the V nerve) were continuously recorded, while the V, VII, X, or XII nerves were unilaterally severed. When spontaneous narial movement was incomplete to shut the air flow (4 of the 20 animals), nostrils were artificially closed by water immersed paper strips. No statistical difference between mean values of peak I-ENGv of about 10 cycles before and after denervation was confirmed (unpaired t test). Thus under the constant inspiratory nerve activity (I-ENGv), % decrease in peak OBP after denervation was calculated.
Buccal floor displacement. Buccal floor (BF) displacement was measured in the prone and normal posture by using a homemade transducer which was constructed by a potentiometer (CP-2U-33, Midori Sokki) with a low tork value (0.5 max. g cm) and Wheatstone bridge. The vertical movement of BF during breathing cycle was transmitted to the potentiometer shaft via a light metal rod of 4.5 cm in length, which was counter-balanced. BF displacement was repeatedly measured before and after glottal occlusion. No head movement was allowed by holding the ridge of the lower jaw and pushing gently downward on the head.
I ENGv and OBP. Frogs were artificially ventilated with an air and subsequently with an asphyxic gas mixture (49.7% CO2 in N2) or N2 to induce sequential inflation and deflation pulmonary cycles. I-ENGv and OBP were simultaneously measured at all times and the relationship of peak I-ENGv to peak OBP was investigated.
V and X11, or X nerve activities. The animals breathed from a small chamber (6.5 x 4.5 x 2.5 cm), into which first room air was supplied to obtain reference respiratory parameters and then N2 for a short period to stimulate respiration until the maximal level. Both gases were introduced in the chamber with a flow rate of 400 ml/min. This hypoxic test was repeated five times in each animal. Peak I-ENGv and peak I-ENGxii during inflation and deflation periods were evaluated as a ratio to the respective reference value. The V and X (R, pharyngeus post. sup.) activities were also recorded in the same manner.
Buccal pressure and 1 ENGv. Buccal pressure and I-ENGv were simultaneously measured from the spontaneously breathing animal, which was placed in a chamber (19 x 12 x 12 cm). In order to obtain the maximal ventilatory activity, N2 was supplied into the chamber with a flow rate of 500-800 ml/min. This hypoxic test was repeated five times on the average in each animal, and 7 frogs were studied in total.
RESULTS

Breathing pattern with glottis occluded
When active inspiratory movement occurred during lung inflation phase in an artificially ventilated animal, lung pressure curve was shifted upward. The peak height of lung pressure curve also fluctuated even at constant airflow (see PP curve in Fig. 2 ), possibly due to altered lung compliance. On the contrary, neither the shape, nor the peak level of OBP was affected by any movement of the laryngeal and pharyngeal wall caused by artificial ventilation. The V discharge pattern after the glottis was occluded did not apparently differ from the normal activity. But when the nostrils were sealed artificially in order to prevent leakage, the respiratory rhythm as well as the V discharge pattern tended to become irregular.
BF movement
In the intact frog, BF elevated to the maximal level when attained at the peak inspiratory buccal pressure (Fig. 1A, b) . BF position at the start of inspiration (Fig. 1A, a and arrow) was virtually constant throughout the periods of inflation and deflation, or shifted slightly upward during the former period. After the glottis was occluded (Fig. 1B) , the magnitude of BF displacement was markedly di- minished. The BF position throughout the inspiratory period was fairly constant while I-ENGv and OBP were greatly augmented by chemical stimulation. However, the small peak elevation of BF was observed just after both the peak I-ENGv and peak OBP were attained. This desynchronization between BF movement and electrical activity as well as OBP profile might be attributable to the opening of the nostrils which occurred in the post-inspiratory phase while BCconts was still in contraction due to inertial movement.
Effect of cranial nerve denervation on OBP Mean peak OBP of about 10 pulmonary cycles both before and after denervation were compared. After unilateral sectioning of the V (n=6), XII (n=6), VII (n=4), and X (n=4) nerves, peak OBP decreased by about 43.3±10.14; (mean +S.D.), 28.8±11.47,10.9±5.93, and 3.4±2.04, respectively.
Relationship of peak I ENGv to peak OBP
One typical result is demonstrated in Fig. 2 . The ventilatory activity changed widely from the minimum during hyperventilation with air to the maximum with an asphyxic gas mixture. The mean ratio of maximal to minimal peak I-ENGv was 3.0±1.1 (S.D.) (n=30). Plots of peak I-ENGv vs. peak OBP in the periods of both inflation (closed circle) and deflation (open circle) are illustrated in Fig. 3 . As these plots always appeared to be straight lines, they were fitted by a linear function. All the results of analysis are summarized in Table 1 . Mean correlation coefficient was 0.944.
Relationship of peak 1 ENGxH to peak I ENGv Plots of peak I-ENGxii vs. peak I-ENGv of all the pulmonary cycles during inflation period (closed circle) and of the first three cycles during deflation period (open circle) were obtained. As these plots appeared in a straight line, linear regression analysis was applied. Figure 4A shows the results obtained from one frog. The figure represents the data during one hypoxic run. The averaged linear regression equation obtained from the pooled data of 4 frogs was y=1 .29x-0.3, with high correlation coefficient (r=0.918, 23 hypoxic runs including 1,373 pulmonary cycles in total) where y and x were peak I-ENGxii and peak I-ENGv, respectively. During inflation period, the XII activity occasionally continued to increase even after ceasing the V activity. It remains uncertain whether or not this was due to new recruitment in the nerve activity responsible for tongue movement (SAKAKIBARA, 1984).
Relationship of peak I ENGx to peak I ENG v Plots of peak I-ENGx vs. peak I-ENGv of all the pulmonary cycles during inflation (closed circle) and of the first three cycles during deflation (open circle) were obtained. Figure 4B shows results for one frog from one hypoxic run. The averaged linear regression equation obtained from the pooled data of 3 frogs was y=0.51x-{--0.5, with correlation coefficient of 0.908 (10 hypoxic runs including 488 pulmonary cycles in total), where y and x were peak I-ENGx and peak I-ENGv, respectively. Fig. 4 . Relationships of I-ENGxii(A) and I-ENGx(B) to I-ENGv observed in the taneously breathing frogs. Open and closed circles signify the same as in Fig. 3 . sponVol. 34, No. 5, 1984 Relationship of peak BP to peak 1 ENG v without glottal occlusion Soon after N2 was administered, inflation and deflation breathing was induced and the response reached the maximal level within several minutes. The mean ratio of maximal to minimal I-ENGv was 2.8+0.8 (S.D.) (n=30). Plots of peak BP vs. peak I-ENGv of all the pulmonary cycles during inflation and of the first three cycles during deflation periods were made, with a different symbol (Fig. 5 , open circle) for the latter. As a whole, the curvilinear relationship was always observed in the plots from the inflation period, and its distribution profile was fitted both to a hyperbolic and a linear regression relationships. The results of analysis are summarized in Table 2 . The hyperbolic correlation coefficient (r= 0.943, in average) was statistically higher (p <0.001) than the linear coefficient (r=0.927, in average).
BPs of pulmonary cycles during the deflation process appeared to be higher than those during the inflation period. Such different distribution was not observed in the relationships between OBP and I-ENGv (Fig. 3) , I-ENGxii and IENGv (Fig. 4A) , and I-ENGx and I-ENGv (Fig. 4B) . Statistical analysis was conducted to clarify if the distribution of BPs during deflation significantly differed from those during inflation. The actually measured BPs were compared with the calculated BPs estimated from inflation processes (Fig. 6 ). For the first three sequential cycles during the deflation period, the mean values of actual BPs were significantly higher than those of calculated BPs by 35, 25, and 19 %, respectively. From the fourth cycle, both BPs were not significantly different. Thus anticlockwise hysteresis was demonstrated in the relationship between BP vs. I-ENGv during inflation and deflation periods. The last two pulmonary cycles during inflation were also added to show no significant difference between measured and calculated BPs.
DISCUSSION
The present denervation experiment revealed that the V nerve has the largest role in conveying the inspiratory output. In addition, experimental techniques to expose the V are easy to approach. The another important cranial nerve, i.e. XII nerves, contains another kind of motor fiber responsible for tongue movement bursting in the inspiration phase (SAKAKIBARA, 1984) . With these reasons just mentioned, it was investigated whether or not the V activity varies proportionally to the total inspiratory activities (TIAs).
The simplest and most accurate way to evaluate the TIAs was considered to be measuring the OBP with isometric contraction of BCconts, because isometrically contracting muscle was proved to show a direct relationship between the mechanical Vol. 34, No. 5, 1984 tension and the integrated EMG (BASMAJIAN, 1974) . In the present experiment, the glottis was artificially closed while the nostrils remained working normally. In the frog, the nostrils are shut passively with the onset of inspiration (DE JoNGH and CANS, 1969) . Therefore, the buccal cavity in this preparation was expected to contract isometrically. This was confirmed by the observation that the BF had practically remained unchanged throughout the inspiration period with large alteration in the inspiratory nerve activities. Initial muscle length is an important factor to determine the magnitude of occluded airway pressure in response to tetanic stimulation of phrenic nerve activity (EVANICH et al., 1973) as well as spontaneous phrenic nerve activity (ELDRIDGE and VAUGHN, 1977; KIM et al., 1976) in mammals. In the present preparation, cycle to cycle expiratory activities were shown to cease at the same level, so that the initial length of BCconts was confirmed as remaining always unchanged.
In this animal, pulmonary pressure was affected by spontaneous inspiratory activities, but the OBP curve was not affected by lung inflation of artificial ventilation. This must have been due to contraction of the pharyngeal muscle groups of BCconts in the inspiratory phase (SAKAKIBARA, 1984) .
Thus it was concluded that peak OBP was generated by quasi-isometric contraction of BCconts without being affected by the lung volume change, and was a good quantitative measure for the TIAs.
The method of quantification of electrical activity has been discussed by ELDRIDGE (1971 ELDRIDGE ( , 1975 , EVANICH et al. (1976a) and LOPATA et al. (1977) . The peak value of the moving average of the phrenic nerve activity has been shown to change linearly with the peak value of occluded airway pressure (ELDRIDGE, 1975; EVANICH et al., 1976b) , and with the tidal volume (ELDRIDGE, 1971; LOURENcO et al., 1966) . Therefore, in the present study the nerve activity was integrated in the same way with the above-mentioned investigators for its quantification. The peak integrated V activity (I-ENGv) was found to change linearly with the peak OBP when examined in a wide range of chemical drives. Therefore, it was concluded that the peak I-ENGv can be used as the measure of the TIAs in the frog with the glottis occluded. As there was a linear relationship between inspiratory activities of two most important nerves (V and XII) as well as between V and X nerves in the frog with the intact glottis, the above conclusion would be extended to the spontaneously breathing frog. This finding may imply also that the afferent fibers involved in the V (see JOSEPH et al., 1968) , XII (STRUESSE et al., 1983) , and possibly in the other cranial nerves as well would not critically modulate the proportional relationship described above.
In the spontaneously breathing frogs, the peak BP vs. I-ENGv relationship showed curvilinearity and hysteresis during lung inflating and deflating periods. The most probable cause of these phenomena was assumed to be ascribed to reduced lung compliance with the lung inflated. This finding was reported in the frog lungs (HUGHES and VERGARA, 1978) as well as in the mammalian lungs (PARE et al., 1978; WOHL et al., 1968; YOKOYAMA, 1982) both in excised and intact preparations. Accordingly, for a given amount of ventilatory nerve drive peak BP increment will progressively increase with increasing lung volume then decrease with hysteresis during the expiratory phase.
Increasing flow resistance with increasing air flow can be enumerated as another responsible factor. However, the frog trachea is short and large in diameter, and in fact the significant pressure difference between mouth and lungs was not observed during the inspiratory phase (in Rana pipiens WEST and JONES, 1975;  in Rana catesbiana unpublished observation). So this factor would have little significance.
We observed slight, if any, change in the initial muscle length of BCconts only during the inflation period (Fig. 1A) . It may be related to curvilinearity, but is of little value in explaining hysteresis in peak BP-I-ENGv relationship.
It would be worthwhile to mention that the lungs have smooth musculature (CARLSON and LUCKHARDT, 1920) with autonomic innervation (BURNSTOCK,1969) . Although at present their physiological roles are not clearly elucidated, their possible influence on the relationship between peak BP and TIAs would be significant if they change lungs compliance. Despite limitations mentioned above, peak BP may be used as a measure of TIAs, because it shows a fairly high linear relationship with I-ENGv (r=0.927) in spontaneously breathing frogs; and as well, I-ENGv was proved a representative ventilatory output in the present experiments. 
